Heat shock proteins (Hsps) can enhance cell survival in response to stress. Heat shock factor 1 (Hsf1) is the major transcription factor that regulates stress-inducible Hsp expression. We previously demonstrated the presence of Hsf1 in the rodent cochlea and also demonstrated that a heat shock known to precondition the cochlea against noise trauma results in Hsf1 activation in the rodent cochlea. In the present study, we used an Hsf1-deficient (Hsf1 -/-) mouse model to determine whether eliminating the Hsf1-dependent stress pathway would influence hearing loss and/or recovery from a moderate-intensity noise. Hsf1 -/-mice and their normal littermates (Hsf1 ϩ/ϩ ) were exposed to a 98-dB, broadband (2-20 kHz) noise for 2 hr, and auditory brainstem response thresholds were measured at three frequencies (4, 12, and 20 kHz) 3 hr, 3 days, and 2 weeks after noise.
Cells respond to stress by activating a variety of molecular pathways, some of which result in enhanced cell survival, with others leading to cell death. One of the best characterized families of protective proteins is the heat shock proteins (Hsps). Under normal conditions, Hsps are involved in a variety of cellular functions. After stress, Hsp expression is up-regulated, resulting in increased cellular protection and survival (Morimoto et al., 1997) . In the rodent cochlea, Hsp70 is up-regulated following hyperthermia (Dechesne et al., 1992; Yoshida et al., 1999) , ischemia (Myers et al., 1992) , noise overstimulation (Lim et al., 1993) , and cisplatin ototoxicity (Oh et al., 2000) . Prior induction of the stress response, by using a mild stress followed by recovery, provides cellular protection against a subsequent, more damaging stress, if the second stress is given at a time when induced Hsp levels are highest (Landry et al., 1989; Hutter et al., 1994) , a phenomenon known as "preconditioning" or "acquired thermotolerance." Mice preconditioned by a heat shock that upregulates Hsp70 are protected against a subsequent damaging noise exposure if the noise is given at a time when Hsp70 levels are maximal (Yoshida et al., 1999) .
Heat shock factor 1 (Hsf1) is one of the transcription factors responsible for regulating stress-induced Hsp expression. Under normal conditions, Hsf1 is maintained in an inactive monomeric state. In response to stress, monomeric Hsf1 undergoes trimerization and an increase in phosphorylation, resulting in Hsf1 activation and the transcription of its target genes (Morimoto et al., 1997) . Overexpression of constitutively activated Hsf1 in vitro in mammalian cells results in Hsp up-regulation and increased cellular protection against heat shock and ischemia (Wagstaff et al., 1998; Xia et al., 1999) . In contrast, although elimination of Hsf1 does not affect basal levels of Hsp expression, its absence either in vitro in mouse embryonic fibroblasts (MEFs; McMillan et al., 1998; Luft et al., 2001) 
or in vivo in Hsf1
-/-mice (Xiao et al., 1999; Zhang et al., 2002) results in the inability to up-regulate stress-inducible Hsps following heat shock, leading to enhanced cell death (via apoptosis) and the prevention of acquired thermotolerance. We previously demonstrated the presence of Hsf1 in the outer and inner hair cells of the organ of Corti, in the stria vascularis, and in the spiral ganglion cells of the modiolus of the normal rat and mouse cochlea . We also demonstrated that the heat shock shown to precondition the cochlea against noise trauma (Yoshida et al., 1999) results in Hsf1 activation in the rodent cochlea . The development of an Hsf1-deficient mouse model (Xiao et al., 1999 ) allows a more specific examination of the role of the Hsf1-dependent stress pathway in the cochlea. Hsf1 -/-mice exhibit normal development of all tissues examined in both embryos and adult mice (Xiao et al., 1999) ; however, Hsf1 -/-mice exhibit prenatal lethality to various extents, depending on the genetic background. This prenatal lethality is due to defects in the spongiotrophoblast layer of the choroallantoic placenta by late midgestation (Xiao et al., 1999) . Hsf1 -/-mice of both sexes also exhibit growth retardation (Xiao et al., 1999) . Male Hsf1 -/-mice exhibit normal fertility, whereas female Hsf1 -/-mice are completely infertile (Xiao et al., 1999; Christians et al., 2000) .
Hsf1
-/-mice also exhibit increased mortality in response to direct antigenic challenge as a result of the overexpression of the proinflammatory cytokine tumor necrosis factor-␣ (TNF-␣), which is normally negatively regulated by Hsf1 (Xiao et al., 1999) . Here, we use this wellcharacterized Hsf1-deficient mouse model to investigate the role of Hsf1 in cochlear protection and recovery following a moderate-intensity noise.
MATERIALS AND METHODS

Animals
Young, 8 -10-week-old Hsf1-deficient mice as well as BALB/c mice (the background strain on which the Hsf1-deficient mice were maintained) were used in this study. All animals were treated following the "Anesthesia and recoverystandard operating procedures" in accordance with the policies of the University Laboratory Animal Medicine Department of the University of Michigan.
Hsf1-Deficient Mice: Breeding
Hsf1-deficient mice were generated by replacing a 1.8-kb region of the Hsf1 gene with a neomycin (NEO) resistance expression cassette via homologous recombination (McMillan et al., 1998; Xiao et al., 1999) . This results in the deletion of ϳ80% of the DNA binding domain and the elimination of the three leucine zippers that make up the trimerization domain (Xiao et al., 1999) , resulting in a truncated Hsf1 mRNA (McMillan et al., 1998) and the complete absence of Hsf1 protein in homozygotes (McMillan et al., 1998; Xiao et al., 1999) . These Hsf1 knockout (KO) mice were generated in the mixed genetic background C, 129X1 (129X1/SvJ ϫ BALB/c; McMillan et al., 1998) and were maintained by brother-sister matings.
Hsf1-Deficient Mice: Genotyping
Genomic DNA was isolated from tail biopsies of weanling Hsf1 mice by using a DNeasy Tissue Kit (Qiagen, Valencia, CA). Genomic DNA was amplified by PCR using primers specific for either the mouse Hsf1 gene (Genbank accession No. AF059275) or the NEO expression cassette (Genbank accession No. AF090454), as described previously (McMillan et al., 1998; Xiao et al., 1999) . For Hsf1, the upstream primer is complementary to intron 4; the downstream primer is complementary to intron 6: upstream primer 5Ј-AGACCTGTCCTGTGTGCCTAGC-3Ј (nt 6,346 -6,367), downstream primer 5Ј-CAGTTCAACTGCCTA-CACAGACC-3Ј (nt 6,910 -6,888) . For NEO, primers were designed as follows: upstream primer 5Ј-AGGACATAG-CGTTGGCTACCCGTG-3Ј (nt 2,990 -3,013), downstream primer 5Ј-GCCTGCTATTGTCTTCCCAATCC-3Ј (nt 3,364 -3,342) . PCRs were performed on 2 l of genomic DNA using Ampli-Taq Gold (Applied Biosystems, Foster City, CA) and were incubated at 95°C for 10 min to activate the enzyme. Thermocycling conditions were: 94°C for 45 sec, 63°C for 45 sec, 72°C for 1 min, for 35 cycles. PCR products were separated by electrophoresis on a 1.2% agarose gel and visualized by ethidium bromide staining. Molecular weight was determined with a 100-bp DNA ladder (New England Biolabs, Beverly, MA). Wild-type mice with two copies of the Hsf1 gene (Hsf1 ϩ/ϩ ) yield a 562-bp PCR product. Homozygous null mice that lack the Hsf1 gene but contain the NEO gene (Hsf1 -/-) yield a 377-bp PCR product. Heterozygotes (Hsf1 ϩ/-) contain one copy of each gene and therefore have both PCR products (Fig. 1) . The 562-bp and 377-bp PCR products generated by the Hsf1 and NEO primers were isolated using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA), and their identity was confirmed by DNA sequencing (University of Michigan DNA Sequencing Core, Ann Arbor, MI). ϩ/ϩ and Hsf1 -/-mice. Hsf1 null mice were genotyped for our studies by PCR amplification of genomic DNA using gene specific primers for Hsf1 and NEO. The upper panel used primers for Hsf1, which yield a 562-bp product from the wildtype Hsf1 gene. The lower panel used primers for NEO, which yield a 377-bp product. -PCR, PCR control with no DNA template; ϩ/ϩ, ϩ/-, -/-, genotype at the Hsf1 locus.
Noise Exposure
Hsf1 ϩ/ϩ and Hsf1 -/-mice were placed in individual wire mesh cages that were positioned on a rotation table (1 rotation/ 30 sec) in a lighted and ventilated sound-exposure booth. Animals were exposed, unanesthetized, to a broadband (2-20 kHz) noise at 98 dB SPL for 2 hr. The sound chamber was fitted with speakers (model 2450H; JBL) driven by a noise generator (ME 60 graphic equalizer; Rane) and power amplifier (HCA-100 high-current power amplifier; Parasound Products). To assess stimulus uniformity, sound levels were calibrated and measured (type 2203 precision sound level meter, type 4134 microphone; Brüel and Kjaer Instruments) at multiple locations within the sound booth by using a fast Fourier transform network analyzer with a linear scale.
Auditory Brainstem Response
The normal hearing baseline auditory brainstem responses (ABRs) were compared among Hsf1
Hsf1
-/-, and BALB/c mice (Jackson Laboratories, Bar Harbor, MA), to determine whether Hsf1 -/-mice had normal hearing. For the ABR measurements, the animals were anesthetized with an intraperitoneal injection of xylazine (7 mg/kg), ketamine (65 mg/kg), and acepromizine (2 mg/kg). Active needle electrodes were placed subcutaneously below the tested ear (negative reference); an additional active electrode was placed at the vertex of the head (positive reference). The ground electrode was a needle electrode inserted subcutaneously below the contralateral ear. The sound stimulus consisted of a 15-msec tone burst, with a rise-fall time of 1 msec. The sound intensity was initially varied in 10-dB steps, then in 5-dB steps near threshold. One thousand twentyeight tone presentations were delivered at 10 per second, averaged to obtain a waveform with a Tucker-Davis data acquisition system (System 2). Hearing thresholds at 4, 12, and 20 kHz were defined as the lowest intensity of stimulation that yielded a repeatable waveform with an identifiable peak in the ABR waveform.
For the studies examining the effect of noise on hearing, the thresholds in the left ear of each animal were determined with pure-tone ABRs measured at 4, 12, and 20 kHz at least 1 day prior to the noise exposure (baseline) and then 3 hr, 3 days, and 2 weeks after noise. The Hsf1 KO mice used in this study were generated in the mixed genetic background C, 129X1 (129X1/SvJ ϫ BALB/c; McMillan et al., 1998) , so this resulted in increased variability in their threshold shifts following noise compared with inbred mouse strains. To decrease variability in the effect of noise, a threshold shift of at least 50 dB at 12 kHz, 3 hr after noise, was set as a criterion for inclusion in the study. This level was chosen based on preliminary studies showing a biphasic response, with the majority of animals showing such a threshold shift and a smaller number showing shifts of 30 dB or less. This biphasic response was comparable in both Hsf1 -/-and Hsf1 ϩ/ϩ mice.
Statistical Analysis
The goal of the analysis was to examine the difference of the threshold shift between genotype Hsf1 ϩ/ϩ and genotype Hsf1 -/-mice at different times following the noise exposure (e.g., 3 hr, 3 days, and 2 weeks) and at different frequencies (e.g., 4, 12, and 20 kHz) at which ABRs were measured. To take into account repeated ABR measures in the data, we fitted linear mixed-effect models by using the SAS/MIXED procedure (Proc Mixed in SAS version 9.1; SAS Institute, Cary, NC). In the analysis we used the following qualitative covariates: genotype (Hsf1 ϩ/ϩ vs. Hsf1 -/-), time following the noise exposure and frequency, and their interactions. In the process of building a model for the data, we also took into account heterogeneity in the covariance structure for different mouse genotypes. To select the best model, we compared pairs of nested models using likelihood ratio based tests. Specific hypotheses involving regression parameters were tested within the best model by likelihood ratio test. A P value less than 0.05 was considered to be statistically significant.
Morphology
Cochleae from three Hsf1 ϩ/ϩ and three Hsf1 -/-mice were examined using phalloidin-stained surface preparations to determine whether the morphology was normal. To compare morphology following noise overstimulation, phalloidin-stained surface preparations of cochleae from three noise-exposed and three untreated control mice were compared for both Hsf1
and Hsf1 -/-mice, 2 weeks after noise overstimulation. Mice were deeply anesthetized with a single dose of 35 mg/kg 35% chloral hydrate (Sigma, St. Louis, MO) injected intraperitoneally (i.p.) and perfused transcardially with cold phosphate buffer, followed by fixative containing 4% paraformaldehyde in phosphate buffer. Temporal bones were removed, and cochleae received an additional intrascalar fixation with the same fixative through the round window, followed by a 2-16-hr immersion at 4°C. Cochleae were then rinsed in phosphate-buffered saline (PBS). For surface preparations, the otic capsule was partially decalcified in 3% EDTA at 4°C for 1 day, and the otic capsule was then removed, followed by removal of stria vascularis, tectorial membrane, and Reissner's membrane. The remaining organ of Corti spiraling around the modiolus was stained as a whole preparation. Whole mounts were placed in 0.3% Triton X-100 for 10 min at room temperature and then rinsed in PBS. Whole mounts were incubated with rhodamine-labeled phalloidin (Molecular Probes, Eugene, OR) diluted 1/100 in PBS for 1 hr in the dark. Whole mounts were rinsed in PBS and further dissected into surface preparations of the organ of Corti, mounted on slides, and coverslipped with fluoromount. Surface preparations were examined under a fluorescence microscope (Zeiss, Jena, Germany), and comparable regions from the basal and apical turns were compared for the presence of inner and outer hairs vs. scarring. Representative images were obtained with a Nikon PCM2000 digital camera (Nikon, Sunnyvale, CA) and MetaMorph 6.1 software (Universal Imaging Corp., Downington, PA).
RESULTS
Hsf1-Deficient Mice Exhibit Normal Hearing
To determine whether elimination of the Hsf1-regulated stress pathway affected normal auditory function, we measured the hearing sensitivity of Hsf1 null (Hsf1 -/-) mice, their wild-type littermates (Hsf1 ϩ/ϩ ), and BALB/c mice (the background strain) by measuring their baseline ABR (Fig. 2) . No significant difference in thresh-
Hsf1
-/-Mice: Less Recovery After Noiseold was observed among these three strains of mice, indicating that both Hsf1 wild-type and mutant mice have normal hearing. This result is consistent with the observation that there are no detectable morphological, microscopic, or histopathological abnormalities present in any of the soft or solid tissues that have been previously examined in Hsf1 -/-embryos or adult mice (Xiao et al., 1999) .
Hsf1 -/-Mice Exhibit Decreased Cochlear Recovery After Noise
Hsf1 -/-mice exhibited significantly less recovery of hearing than Hsf1 ϩ/ϩ mice. Hsf1 ϩ/ϩ mice showed a complete recovery of hearing by 3 days following noise. At 3 hr following noise, all animals had greater than 50-dB threshold shifts at 12 and 20 kHz. The Hsf1 -/-mice had significantly greater threshold shifts than the Hsf1 ϩ/ϩ mice at 20 and 4 kHz (P Ͻ 0.05; Fig. 3 ). By 3 days following the noise, when Hsf1 ϩ/ϩ mice had recovered their hearing (mean threshold shift close to zero), the Hsf1 -/-mice had significantly greater threshold shifts; 42.5 dB at 20 kHz (P Ͻ 0.05) and 25 dB at 12 kHz (P Ͻ 0.05) with the 15-dB change at 4 kHz not significant (Fig. 3) . At 2 weeks following noise, the hearing threshold in Hsf1 ϩ/ϩ mice remained normal, whereas Hsf1 -/-mice still had significantly greater hearing loss (P Ͻ 0.05), now at all three frequencies tested, with a mean threshold shift of 25 dB at 20 kHz, 20 dB at 12 kHz, and 15 dB at 4 kHz (Fig. 3) . No significant difference in threshold shift was observed between male and female Hsf1 -/-mice at any time point examined, nor was any significant difference seen that correlated with coat color (data not shown).
Hsf1 -/-Mice Exhibit Outer Hair Cell Loss After Noise
Both Hsf1 ϩ/ϩ (Fig. 4A) and Hsf1 -/- (Fig. 4C ) mice exhibited a normal complement of inner and outer hair cells in phalloidin-stained surface preparations of the organ of Corti of cochleae that had not been noise exposed. At 2 weeks following noise overstimulation, no loss of outer or inner hair cells was observed in wild-type mice (Fig. 4B) , which is consistent with their complete ABR threshold recovery from the noise exposure at this time. In contrast, in the Hsf1 -/-mice, there was consistent outer hair cell loss at 2 weeks after noise (Fig. 4D) , with a few outer hair cells lost in the second turn and regions of 50 -75% outer hair cell loss in the basal turn (Fig. 4D) . Whereas a quantitative assessment of hair cell loss was not made in this study, a qualitative appraisal suggested that there was more outer hair cell loss in the Hsf1 -/-mice with the greatest amount of threshold shift, as might be expected.
DISCUSSION
Hsf1 is present in the organ of Corti, stria vascularis, and auditory nerve of the normal rodent cochlea . The pattern of Hsf1 expression directly correlates with that previously reported for other stress-responsive Hsps, such as Hsp70, in these tissues (Lim et al., 1993) . Insofar as Hsf1 regulates the expression of the stress-inducible Hsps, these results suggested that Hsf1 might be involved in the process of cochlear protection. In the present study, we tested this hypothesis by assessing the ability of Hsf1-deficient mice to recover from a TTS noise exposure that does not cause PTS in wild-type mice.
Eliminating Hsf1 protein does not affect basal auditory function. There is no significant difference in hearing sensitivity between wild-type (Hsf1 ϩ/ϩ ), homozygous null (Hsf1 -/-), and BALB/c mice, indicating that Hsf1 null mice have normal hearing thresholds. Hsf1 -/-mice also exhibit normal cochlear morphology and a full complement of both outer and inner hair cells. This result is consistent with previous observations showing that Hsf1 -/-mice exhibit normal development of all tissues examined (Xiao et al., 1999) . Similar results have recently been reported by Sugahara et al. (2003) for a different Hsf1-deficient mouse strain maintained on an ICR background.
Hsf1 -/-mice exhibit a significant loss of hearing following exposure to a moderate-intensity noise that in wild-type mice normally results in full recovery of hearing by 2 weeks after noise. Hsf1 -/-mice had a significantly higher average threshold shift than wild-type mice at all frequencies examined by 2 weeks after noise, with the magnitude of the PTS greatest at 20 kHz Ͼ 12 kHz Ͼ 4 kHz. Hsf1 -/-mice, but not their wild-type littermates, exhibited moderate outer hair cell loss at all cochlear turns examined at 2 weeks after noise, with the most significant effects observed in the basal turn of the cochlea. This gradient is consistent with the observation that basal outer hair cells are more susceptible to stress-induced damage than apical outer hair cells, resulting from differences in the levels of the free radical scavenger glutathione (Sha et al., 2001) . Similar results have recently been reported for a different Hsf1-deficient mouse strain , by using a noise-exposure paradigm designed to examine cochlear protection following traumatic stress, as opposed to the moderate-intensity noise used in our current study that allowed complete recovery by wild-type mice. In the Sugahara et al. study, Hsf1 -/-mice were exposed to a damaging, high-intensity noise (130 dB SPL) for 1 hr, followed by recovery for 6 hr, a time at which Hsp70 levels are known to be maximally induced following noise in the rat cochlea (Lim et al., 1993) . Mice were then exposed to a second high-intensity noise (130 dB SPL) for 10 hr. Consistent with our findings, Sugahara et al. (2003) observed a large loss (60%) of outer hair cells in Hsf1 -/-mice at 7 days after noise, compared with a smaller loss (20%) of outer hair cells in Hsf1 ϩ/ϩ mice. However, interestingly, although our study showed excellent correlation between hair cell loss and ABR threshold shifts, Sugahara et al. (2003) found no significant difference in the ABR threshold shift for noiseexposed Hsf1 ϩ/ϩ vs. Hsf1 -/-mice. This may be a consequence of their different exposure conditions, which result in substantial damage to hair cells in both their Hsf1
and Hsf1 -/-mice. Fig. 3 . Hsf1 -/-mice exhibit decreased cochlear recovery following noise overstimulation. Hsf1 ϩ/ϩ and Hsf1 -/-mice were exposed to a 98-dB, broadband noise for 2 hr. Hearing sensitivity was determined at three time points after noise exposure: 3 hr, 3 days, and 2 weeks. Previous studies have shown that preconditioning the rodent cochlea with noise (Yoshida and Liberman, 2000; Niu and Canlon, 2002) , restraint stress (Wang and Liberman, 2002) , hypothermia (Henry and Chole, 1984) , or heat shock (Yoshida et al., 1999) provides protection against a subsequent more damaging noise exposure that would normally result in permanent hearing loss. Rats or mice preconditioned with either a TTS noise known to induce Hsp70 (Altschuler et al., 1999) or a heat shock known to result in both up-regulation of Hsp70 (Yoshida et al., 1999) and activation of Hsf1 exhibit 30 -40 dB of protection against a subsequent more damaging noise exposure, if the noise exposure is given at a time when Hsp70 levels are maximal (Altschuler et al., 1999; Yoshida et al., 1999) . These studies suggested a potential role for the heat shock response in cochlear protection. Our results support this by showing increased threshold shifts in mice lacking the Hsf1-dependent stress pathway.
In response to stress, Hsf1 induces the expression of a variety of genes involved in cellular protection and repair that may play a number of roles in the cochlea (for review see Fairfield et al., 2002; Trinklein et al., 2004) . Molecular chaperones such as Hsp70 (Konishi et al., 1995) , which is induced in the rat cochlea following noise (Lim et al., 1993) , could prevent the aggregation of stress-denatured cochlear proteins and promote their proper refolding. Actin-associated proteins such as Hsp27 (Cooper et al., 2000) , which is present in the outer hair cells and fibrocytes of the normal rat cochlea (Leonova et al., 2002) , could promote the stabilization and repair of the actin cytoskeleton. In the cochlea, the actin cytoskeleton is particularly important not only for the function of hair cell stereocilia but also in the tension fibroblasts (fibrocytes) that anchor the basilar membrane to the spiral ligament. Free radical scavengers such as Hsp32 (heme oxygenase 1; Okinaga et al., 1996) , which is induced in the rat cochlea following hyperthermia (Fairfield et al., 2004) , could help to eliminate reactive oxygen species (ROS) generated by noise overstimulation, ischemia, and ototoxic drugs (Kopke et al., 1999) . In addition, as a potent vasodilator, Hsp32 could also attenuate the localized capillary vasoconstriction that occurs in the stria vascularis following hyperthermia, noise overstimulation, and ischemia (Hawkins, 1971; Quirk et al., 1991) . Activation of the Hsf1-dependent stress pathway may also prevent cochlear apoptosis both through the interaction of Hsp27 with cytochrome c (Bruey et al., 2000) and by the binding of Hsp70 (Beere et al., 2000; Saleh et al., 2000) and Hsp90 (Pandey et al., 2000) to apoptotic protease-activating factor 1 (Apaf-1), preventing assembly of the apoptosome complex and the activation of caspase-3. Hsf1 may also prevent cochlear inflammation in response to trauma and infection by inhibiting the activation of nuclear transcription factor kappa B (NFB), an initiator of the inflammatory and apoptotic pathways (Malhotra and Wong, 2002) .
In conclusion, the results presented here demonstrate that Hsf1 -/-mice, which lack Hsf1 protein and thus the Hsf1-induced stress response, are unable to recover normal hearing sensitivity after exposure to a noise that produces only TTS in wild-type mice. Hsf1 -/-mice also show outer hair cell loss and decreased cochlear recovery following noise overstimulation. These results suggest that the Hsf1-dependent stress pathway plays an important role in cochlear recovery and repair after stress in the mouse cochlea.
